In this study, we evaluated the performance of an Elekta linac in the delivery of gated radiotherapy. Delivery accuracy was examined with an emphasis on the impact of using short gating windows (low monitor unit beam-on segments) or long beam hold times. The performance was assessed using a 20cm by 20cm open field with the radiation delivered using a range of beam-on and beam-off time periods.
| INTRODUCTION
Normal diaphragmatic excursion during uncontrolled breathing can result in significant respiratory-induced motion for tumors of the lung and liver. In radiation therapy, the impact of respiratory motion is typically accounted for by creating a target volume which fully encompasses the tumor movement. This approach, however, can result in large volumes of non-target tissue being irradiated. This can increase the toxicity of treatment and limit the dose that can be delivered to the tumor. Researchers have developed alternative techniques that account for respiratory motion to reduce the target volume. These techniques include tumor tracking and gated beam delivery. [1] [2] [3] [4] [5] [6] [7] [8] Gated beam delivery has the advantage of being less technically complex as compared to multileaf collimator (MLC) based tracking.
The downside of a gated approach, however, is decreased treatment efficiency that results in longer treatment times. 9 In gated beam delivery, the linear accelerator beam is typically triggered on and off at either full-inspiration or end-expiration. The user determines a gating window, and radiation is only delivered during a specified phase of the breathing cycle. 10 One common approach to gated beam delivery is the use of a deep-inspiration breath hold (DIBH)
technique for left-sided breast cancers with a goal of minimizing the dose to the heart and lung. 9 Gated delivery is also used in the treatment of solid lung cancers. 11, 12 When commissioning a system for gated radiotherapy, it is important to characterize the startup characteristics of the accelerator. 13 This is true because gated radiotherapy introduces delivery situations not typically encountered in external beam radiotherapy.
With free-breathing gating, the radiation is delivered using a large number of segments. The use of a tight gating window combined with beam-on delays can result in a low number of monitor units (MUs) per deliverable segment. Previous studies have demonstrated the need to characterize beam stability for short irradiation times. [14] [15] [16] Additionally, for breath-hold-based gating, the beam is held for an extended period between each delivery segment. The impact of these prolonged beam-holds on the accuracy of the delivered radiation needs to be addressed. In Elekta's linear accelerator delivery control software, the user can set the maximum gun-hold time. If the delay time between beam segments in a delivery exceeds the specified maximum gun-hold time, the linac switches from an active mode to a standby mode. For this work, the maximum gun-hold time was set to the highest allowable value of 6.5 seconds. 10 The 
2.B | Phantom measurements
In the gated and static beam deliveries, the dose measurements were performed with an IBA MatriXX Evolution 2D ion chamber array inserted into a MultiCube phantom (IBA Dosimetry, Schwarzenbruck, Germany). The detector array has an active measurement area of 24 9 24 cm 2 and contains 1024 micro ion-chambers. The gated beam delivery using a variety of gating windows was carried out at 6 MV, 10 MV, and 18 MV (Table 1) . For beam delivery using M mode, the measurements were performed at 6 MV. A dose delivery was performed using an Elekta Synergy with nominal dose rates of 450, 400, and 600 MU/min for 6 MV, 10 MV, and 18 MV, respectively.
2.C | SBRT patient treatment plan and simulated natural breathing motion
The gated beam delivery accuracy was evaluated using two lung SBRT (Table 4 ) and beam-on/off times of 6 and 12 seconds to simulate a breath-hold (BH) scenario (Table 4) . 16 
2.D | Data analysis
In this work, the results from G mode and M mode were compared to the result of N mode to assess the gating delivery accuracy. The
OmniPro-I'mRT 1.5a (IBA Dosimetry, Schwarzenbruck, Germany)
software was used to analyze the collected data based on gamma index evaluation and using the movie mode with a frame rate of 0.1 seconds. A dose grid was converted to spacing of 7.6 mm using linear interpolation. The passing rates using gamma index criteria of 1% and 2% with AE 1 mm distance-to-agreement (DTA) were determined for all measurements. 20 
| RESULTS

3.A | Measurement reproducibility
The reproducibility of the measurements performed with the MatriXX array detector was determined for gating and nongating mode ( Table 1 ). The mean, standard deviation, and coefficient of variation were determined for three trials. Using a gamma score (1%/1 mm), the percentage coefficient of variation (CV) was less than 2% for G mode, and no statistically significant variation was
observed for the open field (N mode). Using a gamma score of 2%/ 1mm, the measurement variation approached zero.
3.B | Dose distribution comparison of gated and non-gated beam delivery at 20 and 200 MU
For 6 MV, excellent agreement was observed between the G mode and the N mode. The gamma passing rates were greater than 99%
for all of the gating windows and energies using 1 mm and 2% criteria. These findings were comparable to those obtained using a
User interface of the Response kit gating software (Elekta AB, Stockholm, Sweden) used to simulate a variety of scenarios for beamon/off to perform automatic gating beam delivery using a square wave. The figure shows the signal pattern for a beam-on of 1 second and beam-off of 5 seconds.
step-and-shoot delivery technique. 13 However, with stricter agreement criteria of 1%/1mm, the gamma score decreased slightly to 97.66% (Table 2) Table 3 .
3.D | Gated beam delivery in FB and BH mode using VMAT plan of SBRT
When 2%/1 mm passing criteria were used, all gated SBRT VMAT deliveries had gamma passing rates greater than 95% for all gating scenarios. However, with a AE 1% tolerance, the lowest gamma scores were 69.42 and 66.74 for patient A and B, respectively, when using a gating window of 17% (1s:5s) ( Table 4 ) which agrees with the finding obtained using an open field ( Table 2) . For other cases, the results fell within a range of 95% to 99%. Additionally, with the FB and BH modes, the gamma passing rates were between 95% and 100% for both patients (Table 4) .
| DISCUSSION
We investigated the gated beam delivery accuracy when a small number of monitor units are delivered in each gating window. The findings regarding measurement reproducibility were similar to those reported by Elizabeth et al. 21 Close agreement in dose distribution comparisons were found for both gated and non-gated beam deliveries using both an open field and VMAT delivery techniques. When the gating window was reduced to 17% (1 second on, 5 seconds off), a reduced dosimetric accuracy was observed (Table 1) .
T A B L E 1 Reproducibility of measurements using the IBA MatriXX detector array for gating and nongating beam delivery. All measurements were performed at 6 MV with 20 MU beam delivery. 100.00 0.00 0.00 100.00 0.00 0.00 (3:3) 100.00 0.00 0.00 100.00 0.00 0.00 (3:5) 100.00 0.00 0.00 100.00 0.00 0.00 (5:1) 100.00 0.00 0.00 100.00 0.00 0.00 (5:3) 100.00 0.00 0.00 100.00 0.00 0.00 (5:5) 100.00 0.00 0.00 100.00 0.00 0.00
Non gating mode
Open field 100.00 0.00 0.00 100.00 0.00 0.00 Additionally, the gamma passing rate was also lower for the higher beam energy of 18 MV. When the gated beam delivery was performed using VMAT, the gamma score results became significantly lower for the tightest gating window (17%). In fact, the impact of the beam-on delay became more pronounced for VMAT delivery as compared with open fields. 10 The VMAT delivery was characterized by considerable cumulative beam on delays caused by complex nature of the delivery with the gantry and leaf speed motion combined with the gated beam delivery. 10, 22 Therefore, care must be taken when using a tight gating window of (e.g., 17% or less) to ensure the accuracy of the delivered dose.
Using multistatic beam delivery (M mode) where the MUs delivered were small (four or less), the gamma passing rate decreased dramatically. Switching the beam-on/off with small MUs, deteriorates the performance of the linac. In fact, the radiation beam could not reach a stable state for the first few MUs. This may be due to the effect of temperature change on the magnetron and the gun current. 14 As result, the beam delivery accuracy with small monitor unit segments could be negatively impacted. With an Elekta linac, the electron gun voltage will jump from standby state to active state when a static beam is delivered.
After the prescribed MUs are delivered, the electron gun voltage returns back to the standby state. This is different in gated beam delivery where the electron gun will remain in an active state during the beam hold when the gating signal is outside the gating window. The findings of this work could serve as a starting point to develop a quality assurance protocol for gated beam delivery using an Elekta linac. In the meantime, another validation study could be performed using film dosimetry or linac log files for dose verification during gated and interrupted beam delivery. 23 
| CONCLUSION S
We investigated the accuracy of gated beam delivery using an Elekta linac with a small number of monitor units delivered in each gating window. Our results suggest that Elekta linacs can deliver gated radiation accurately over a wide range of clinical gating scenarios. A tight gating window (e.g., 17%) should be avoided in freebreathing gating in order to maintain gating accuracy. These results were confirmed using delivery measurements for SBRT VMAT plans. Additionally, the gated technique could be used for breath hold gating as well. The respiratory gating technique showed better accuracy than the multiple static beam delivery technique as the beam-hold allows the radiation to reach a stable state more quickly.
T A B L E 4 Gamma score (1%/1mm; 2%/1mm) for gated beam delivery for patient A and B using selected beam-on/off time delivery. Gated beam delivery for FB mode with the beam-on/off time of (1:3), (1:5), (2:2), and (3:1) and for BH mode with the beam-on/off time of (12:6). 
